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Cellular identity is specified by the combination of genes active within a cell, controlled by gene regulatory networks (GRNs). These cell‐specific networks are turned on by transcription factors (TFs), which interact with specific sequences in accessible chromatin regions, promoters and enhancers. Although seemingly straightforward, it is so far highly challenging to comprehensively and simultaneously retrieve all the information on TF‐controlled regulatory networks from individual cells forming a tissue, organ or organism without losing spatial information. Yet, this is critical to go beyond a mere description of cell identities based on gene expression profiles and to understand the mechanisms controlling the formation of individual cell types with distinct identities in the organismal context.

Single‐cell sequencing approaches are instrumental in achieving this goal. However, while single‐cell RNA‐sequencing (scRNA‐seq) is extensively used to profile GRNs (Karaiskos *et al*, [2017](#msb209497-bib-0006){ref-type="ref"}; Fiers *et al*, [2018](#msb209497-bib-0003){ref-type="ref"}), and single‐cell epigenomics methods allow profiling the chromatin landscape and active regulatory regions in individual cells (Cao *et al*, [2018](#msb209497-bib-0001){ref-type="ref"}; Cusanovich *et al*, [2018](#msb209497-bib-0002){ref-type="ref"}), it is currently difficult to determine both the transcriptome and epigenome of the same cell. Moreover, although computational algorithms have been developed to integrate independent single‐cell datasets (Stuart *et al*, [2019](#msb209497-bib-0008){ref-type="ref"}; Welch *et al*, [2019](#msb209497-bib-0010){ref-type="ref"}), they are still limited with regard to data source and biological information. Thus, a comprehensive characterization of gene regulation in individual cells of complex tissues is so far missing despite being key for our understanding of cell identity control *in vivo*.

In their recent study, González‐Blas *et al* ([2020](#msb209497-bib-0004){ref-type="ref"}) integrate single‐cell transcriptomics and epigenomics data and deduce genome‐wide precise enhancer‐to‐gene relationships in single cells of a tissue. Their work closes an important gap in the transcriptional regulation field, and their multi‐dimensional approach (Fig [1](#msb209497-fig-0001){ref-type="fig"}) was key for achieving this. Most importantly, they selected an extremely well‐suited biological system for spatial modelling of gene regulation, a 2D tissue composed of complex yet spatially restricted cell populations, the well‐characterized *Drosophila* eye‐antennal disc. Next, they developed a suite of tools and algorithms to spatially map single‐cell transcriptome and epigenome profiles to their putative position of origin by building a virtual representation of the 2D tissue that mimics the organization and structure of the eye‐antennal disc. They then used this information to computationally link enhancers and genes within each virtual cell and validated the enhancer‐to‐gene relationships using reporter fly lines from the Janelia FlyLight project (Jory *et al*, [2012](#msb209497-bib-0005){ref-type="ref"}). Analysing this single‐cell enhancer‐to‐gene resource in detail revealed that gene expression control is even more complex than anticipated, as 80% of the genes within a cell are regulated by shadow enhancers with an average of 22 enhancers linked to one gene, and to even more when the gene encodes a TF. González‐Blas *et al* then went on to define within the thousands of enhancers active in a cell those sequences critical for enhancer function by identifying naturally occurring cis‐regulatory variation in inbred lines using chromatin accessibility quantitative traits loci (caQTLs). By correlating these bulk data with known TF motifs and their single‐cell resource, they were able to infer the precise cell type in which variations in TF binding sequences are relevant, and thereby identified Prospero as a neuronal differentiation factor acting in photoreceptor cells via a GGG motif that would have been missed by standard motif search engines.

![A roadmap to single‐cell regulatory genomics\
González‐Blas *et al* generated independent single‐cell RNA‐seq and single‐cell ATAC‐seq atlases of the *Drosophila* eye‐antennal disc and spatially integrated them using a virtual latent space that mimics the organization of the 2D tissue. Predicted enhancers were validated using the Janelia Flylight collection of enhancer‐reporter lines, which confirmed the coupling of chromatin accessibility and enhancer activity. Using random forest regression models, enhancer‐to‐gene relationships were calculated in each cell, which revealed that gene regulation is highly redundant and each gene is controlled by multiple enhancers. The single‐cell information was finally used to deconvolute cell‐type specific effects of bulk derived chromatin accessibility data, which identified new motifs and TFs active in specific cell types of the eye‐imaginal disc (Several elements shown in this Figure have been reused from González‐Blas *et al*, [2020](#msb209497-bib-0004){ref-type="ref"}, including the virtual enhancer activity map, the confocal image showing the enhancer activity in the eye‐antennal disc and the example of the chromatin accessibility QTL, Topic 24).](MSB-16-e9497-g001){#msb209497-fig-0001}

The study by González‐Blas *et al* is a major break‐through, as their multi‐dimensional approach for the first time enables a comprehensive analysis of *bona fide* GRNs in single cells, from TFs interacting with specific binding sequences in enhancers to the expression of target genes. This is a huge step towards single‐cell regulatory genomics and thus is of invaluable importance for the community. One surprising result of this work is that a large fraction, about 50%, of the enhancer‐to‐gene links show negative correlation, indicating that accessible chromatin regions not only correspond to promoters, insulators or primed/active enhancers but also to repressed enhancers. These regions very likely control the repression of alternative fate genes, which is known to be equally important for the cell‐type specification. Nevertheless, this finding has to be taken into account particularly when attempting to generate spatial maps of a tissue based only on single‐cell epigenomics data, as it indicates that open chromatin does not by default mean active regulatory regions. Another intriguing result of this study is that TFs are regulated by the highest number of redundant enhancers, which supports previous notions that the control of higher‐level regulators needs to be much more elaborate than the one of terminal effectors. Importantly, the computational method integrating single‐cell omics data proposed by González‐Blas *et al* is the starting point for assembling GRNs within organized tissues. It will be interesting to see whether it can be applied to 3D organoid models to decrypt the spatial and regulatory information at the level of cell‐to‐cell communication in pathological cell models characterized by heterogeneous populations. Another exciting use of this algorithm is the dynamic visualization of GRNs at the temporal scale. It would be remarkable to use it for visualizing gene expression during the specification of one cell type and combining the transcriptional dynamic with the usage of regulatory enhancer elements throughout tissue development and differentiation. One can be truly eager to follow the progress of single‐cell omics data coverage and its computational integration for understanding cell and tissue biology at the single‐cell level.
